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High-intensity exercise induces significant central and peripheral fatigue; however, the effect of endurance training on these mechanisms of fatigue is poorly understood.
We compared the effect of cycling endurance training of disparate intensities on highintensity exercise endurance capacity and the associated limiting central and peripheral fatigue mechanisms. Twenty adults were randomly assigned to 6 weeks of either high-intensity interval training (HIIT, 6-8×5 minutes at halfway between lactate threshold and maximal oxygen uptake [50%Δ]) or volume-matched moderateintensity continuous training (CONT, ~60-80 minutes at 90% lactate threshold). Two time to exhaustion (TTE) trials at 50%Δ were completed pre-and post-training to assess endurance capacity; the two post-training trials were completed at the pretraining 50%Δ (same absolute intensity) and the "new" post-training 50%Δ (same relative intensity). Pre-and post-exercise responses to femoral nerve and motor cortex stimulation were examined to determine peripheral and central fatigue, respectively. HIIT resulted in greater increases in TTE at the same absolute and relative intensities as pre-training (148% and 43%, respectively) compared with CONT (38% and −4%, respectively) (P≤.019). Compared with pre-training, HIIT increased the level of potentiated quadriceps twitch reduction (−34% vs −43%, respectively, P=.023) and attenuated the level of voluntary activation reduction (−7% vs −3%, respectively, P=.047) following the TTE trial at the same relative intensity. There were no other training effects on neuromuscular fatigue development. This suggests that central fatigue resistance contributes to enhanced high-intensity exercise endurance capacity after HIIT by allowing greater performance to be extruded from the muscle.
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| INTRODUCTION
High-intensity locomotor exercise induces significant muscle fatigue with mechanisms both central and peripheral in origin. 1, 2 Muscle fatigue is defined as a reduction in maximal force-producing capacity and occurs due to processes distal to the neuromuscular junction (peripheral fatigue) and within the central nervous system (CNS, central fatigue). 3 Central fatigue can be measured by stimulation of the motor nerve using the interpolated twitch technique. 4 A reduction in torque produced from the resting potentiated muscle twitch during the interpolated twitch technique can also be used to quantify peripheral fatigue. Part of the central component of fatigue arises from supraspinal mechanisms; 5, 6 supraspinal fatigue can be measured with transcranial magnetic stimulation (TMS) of the motor cortex which demonstrates an impairment in the ability to generate maximal motor cortical output. [6] [7] [8] While the degree by which central and peripheral fatigue limit endurance capacity are influenced by exercise intensity and duration, 1,2,9,10 and environmental conditions, 7, 11 the effect of endurance training has yet to be addressed. By investigating the fatigue adaptations induced by endurance training, the processes that allow greater endurance capacity can be better understood to provide further insight into the limiting factors to human endurance. High-intensity interval training (HIIT) involves repeated bouts of high-intensity exercise, typically ≥80% HR max , interspersed with brief periods of rest or low-intensity exercise. 12 HIIT is more effective at improving high-intensity exercise endurance capacity than moderate-intensity continuous training (CONT). 13, 14 Endurance capacity is measured as the time for which a predetermined exercise intensity can be sustained until volitional exhaustion. [13] [14] [15] When matched for work completed, HIIT and CONT produce similar improvements in markers of aerobic fitness (lactate threshold [LT] and maximal rate of oxygen uptake [VO 2max ]), 16, 17 suggesting other mechanisms contribute to the greater increase in endurance capacity following HIIT. To date, the majority of studies have examined endurance capacity at workloads prescribed according to pre-training markers of aerobic fitness which are then held constant for the post-training assessment.
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The post-training test is therefore at a lower relative intensity than pre-training due to the increases in aerobic fitness. It is unknown whether the increase in endurance capacity induced by HIIT, is in part, through increasing the ability to tolerate the physiological disturbances induced by high-intensity exercise completed at the same relative intensity as pre-training. The initial focus of this study is to identify whether in an untrained cohort, training under the high physiological strain induced by HIIT increases endurance capacity at the same relative exercise intensity as pre-training. HIIT may induce greater increases in the muscle oxidative capacity 13 and in vitro muscle buffer capacity 16 than CONT. Improved muscle function reduces the metabolic disturbance induced by exercise and attenuates peripheral fatigue development. 18, 19 However, Morales-Alamo et al. 20 recently demonstrated that the muscle metabolic disturbance is not a limiting factor to whole-body locomotor exercise and a peripheral muscular reserve exists. These authors also demonstrated that the exercising muscle can tolerate a greater degree of metabolic disturbance without harming performance, thus supporting a central limitation to human endurance. 20, 21 Endurance training may also induce CNS adaptations that enhance the ability to maintain the central motor drive necessary to continue exercise. 22 The development of peripheral fatigue during high-intensity exercise is hypothesized to have an inhibitory effect on central motor drive mediated through the increased firing of group III/IV muscle afferents. 23, 24 Zghal et al. 19 suggested that endurance training may increase the resistance of the CNS to this inhibitory group III/IV muscle afferent firing. These authors demonstrated that low force knee extensor endurance training increased the level of peripheral fatigue following an exhaustive isometric endurance task without changing central fatigue. However, while some evidence exists for the role of group III/IV afferent firing in the development of central fatigue, [25] [26] [27] a recent study does not support a role of group III/ IV afferent firing on limiting maximal sprint power following incremental cycling to exhaustion. 21 The role of group III/ IV afferents in limiting human endurance therefore remains unclear. Nevertheless, central mechanisms are considered important in exhaustion 1, 2, 20, 21 and it is unknown whether central fatigability adapts in response to whole-body endurance training, and whether there is a difference between HIIT and CONT where the induced level of central and peripheral fatigue is different. 2 The aim of this study was to compare the effect of HIIT and volume-matched CONT on high-intensity exercise endurance capacity and the associated mechanisms of neuromuscular fatigue. It was hypothesized that although aerobic fitness would increase similarly in both groups: (i) both HIIT and CONT would increase endurance capacity at the same absolute work rate, but HIIT would increase it to a greater extent; (ii) this increase in endurance capacity would be accompanied by a reduction in peripheral fatigue at exhaustion but central fatigue would be unchanged; (iii) only HIIT would increase endurance capacity at the same relative intensity as pre-training; and (iv) this increase in endurance capacity would be accompanied by an increase in peripheral fatigue at exhaustion, but central fatigue would be unchanged.
| METHODS

| Participants
Twenty healthy adults (four females) volunteered to participate in this two-arm parallel-group single-blind randomized study. The study was approved by the institutional ethics review board and carried out in accordance with the Declaration of Helsinki. Participants were recruited in Oxford, UK, via advertisements and word of mouth. Each participant completed health history questionnaires and provided written informed consent. All participants were untrained, defined as not currently engaged in structured endurance training (≤30 minutes per session, ≤two sessions per week) as confirmed by initial interview, non-smokers, and not taking any medications. After completing the pre-training experimental trials, participants were allocated the next available study number by the blinded assessor. The number related to a computergenerated stratified block randomization list that randomized individuals ) based on the LT and V O 2max . The list was held by a second investigator not involved in the experimental trials who informed participants and supervised the intervention. While participants could not be blinded, they were naïve to the purpose of the study. Group allocation was concealed from the assessor until the end of the study, and participants were instructed to refrain from discussing their training program. All experimental trials were therefore completed by a blinded assessor.
| Experimental procedures
Participants completed three experimental trials each separated by 48-72 hours, before and after 6 weeks of either HIIT or CONT (Figure 1 ). All trials were completed at the Movement Science Laboratory at Oxford Brookes University and performed at the same time of day, 2 hours postprandial and after abstaining from caffeine (12 hours), alcohol (24 hours), and exhaustive exercise (48 hours). During the first visit participants completed a submaximal exercise test for the determination of the LT and lactate turn-point (LTP), followed by a maximal exercise test to determine V O 2max . During the second visit participants underwent the neuromuscular function assessment procedures before completing an endurance capacity (time to exhaustion [TTE] ) cycle test at an intensity halfway between LT and V O 2max (50%∆) which served as a familiarization trial. During the third visit, participants repeated the endurance capacity test with neuromuscular function tested pre-and post-exercise to examine central and peripheral fatigue. The training was initiated 2-5 days after the third baseline experimental trial. At follow-up, the three experimental trials were repeated within 2-4 days of completing training; however, the familiarization trial was replaced by an endurance capacity trial at the pre-training 50%∆ (same absolute intensity [post-abs]) while the second endurance capacity trial was completed at the post-training 50%∆ (same relative intensity [post-rel] ). This allowed a comparison of endurance capacity and fatigue mechanisms at the same absolute work rate as well as the same relative intensity as pre-training.
| Muscle torque and electromyography
Isometric torque (Nm) produced from the right knee extensors during voluntary and stimulated contractions was measured with participants sitting on an adjustable custom-built strength chair. The hip and knee were flexed at 90° and the foot placed behind a padded resistance lever that was F I G U R E 1 Overview of the study design (A) and neuromuscular testing protocol (B). A) Two time to exhaustion (TTE) trials at an intensity equivalent to halfway between the lactate threshold and maximal oxygen uptake (50%Δ) were completed pre-and post-6 weeks of high-intensity interval training (HIIT) or moderate-intensity continuous training (CONT). The first of the two post-training TTE trials was completed at the same power output as the pre-training 50%Δ (same absolute intensity [post-abs]), and the second TTE trials was completed at the 'new' post-training 50%Δ intensity (same relative intensity [post-rel]). B) Neuromuscular function was examined using motor nerve stimulation and transcranial magnetic stimulation pre-and post-exercise to examine the effect of training on central and peripheral fatigue development. CONT, moderateintensity continuous training; HIIT, high-intensity interval training; post-abs, same absolute intensity as pre-training; post-rel, same relative intensity as pre-training; TTE, time to exhaustion attached to a four strain-gauge bridge torque transducer. The transducer was integrated into the strength chair at the lever's center of rotation for the measurement of rotational torque. The lever length was adjusted so the resistance pad was ~2 cm above the malleolus and the lever's center of rotation was aligned to the center of the knee joint. Straps secured the shoulders and waist to prevent movement, and the chair characteristics were recorded for subsequent replication. The electrical output from the transducer was digitized at a sampling rate of 1000 Hz (Micro 1401 mk-II, CED, UK) and recorded on a PC (Spike 2 v5.2, CED, UK). Torque was displayed on a computer screen in front of the chair to assist in providing maximal effort during maximal voluntary contractions (MVC) as well as displaying the target torque for submaximal contractions. The reliability of this apparatus has previously been reported.
2 Electromyography (EMG) was recorded using self-adhesive bipolar Ag-AgCl electrodes (10 mm diameter, 2 cm inter-electrode distance) placed on the belly of the vastus lateralis and biceps femoris. The areas were shaved and cleaned, and the electrodes were photographed to ensure accurate relocation. The EMG signal was amplified (×1000, NL844, Neurolog, Digitimer, UK), band-pass filtered (10-2000 Hz, NL135, Neurolog, Digitimer, UK), and digitized at a sampling rate of 2000 Hz (Micro 1401 mk-II, CED, UK). EMG data were collected on PC for subsequent analysis (Spike 2 v.5.2, CED, UK).
| Motor nerve stimulation
Motor nerve stimulation (MNS) was applied at the right femoral nerve using two connecting monophasic magnetic stimulators (BiStim 2 , MagStim, UK) discharged through a 55-mm double branding iron coil (maximum output 2.2T).
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Single stimuli were administered from the dual stimulator with the junction of the coil positioned over the nerve, high in the femoral triangle. The site evoking the largest unpotentiated twitch torque (Q tw,unpot ) and EMG response (M-wave amplitude) was determined and marked on the skin with ink. Each participant had a recruitment curve constructed from Q tw,unpot torque and M-wave amplitude determined from two stimuli at 50%, 60%, 70%, 80%, 90%, 95%, and 100% of maximum stimulator output. During the pre-training endurance capacity trial, the stimulus-response curve revealed an increment in Q tw,unpot and M-wave amplitude from 90 to 95% of maximum stimulator output of 1.0% (P=.29) and 0.3% (P=.48), respectively; the increment in Q tw,unpot and Mwave amplitude from 95% to 100% of maximum stimulator output was −0.1% (P=.88) and −0.2% (P=.71), respectively. During the post-abs trial, the increment in Q tw,unpot and Mwave amplitude from 90 to 95% of maximum stimulator output was 0.6% (P=.71) and 1.4% (P=.30), respectively; the increment in Q tw,unpot and M-wave amplitude from 95% to 100% of maximum stimulator output was −0.6% (P=.66) and −0.2% (P=.81), respectively. Thus, a plateau in torque and M-wave amplitude was confirmed at both the pre-and posttraining time-points in all participants. All remaining stimulations were given at 100% of maximal stimulator output.
| Transcranial magnetic stimulation
Transcranial magnetic stimulation (TMS) was performed over the left motor cortex to activate the right vastus lateralis as previously completed in our laboratory. 2, 28 Two connecting monophasic magnetic stimulators (BiStim 2 , MagStim, UK) were discharged through a 110-mm double cone coil (maximum output 1.4T). The coil was held above the vertex and orientated to induce an intracranial posterior to anterior current. The optimal location for the vastus lateralis was determined with the stimulator output set at 60% of maximum. The vertex of the scalp was located and the search for the optimal location began with the coil placed 1 cm lateral to the vertex over the left hemisphere. The coil was moved in 1 cm steps in the lateral-medial and anterior -posterior directions until the area of stimulation that elicited the largest motor evoked potential (MEP) during a 10% MVC was identified. This site was marked using permanent marker on the scalp to ensure accurate relocation of the coil within session.
Resting motor threshold (rMT) was determined by reducing the stimulator output until the lowest intensity that elicited a minimum of 50 μV in 5 of 10 pulses was determined. 29 The rMT was determined to the nearest 1% of maximum stimulator output at pre-exercise during each visit and used for setting the TMS intensities which were held then constant within that trial. The rMT for the pre-training, post-abs, and post-rel trials equated to 51±10%, 51±10%, and 53±10%, respectively, for the HIIT group, and 47±9%, 46±8%, and 46±9%, respectively, for the CONT group. The rMT was not different across trials (P>.05).
| Neuromuscular function
To examine the effect of each endurance capacity test on central and peripheral fatigue, pre-to post-exercise changes in voluntary, MNS and TMS evoked torque and EMG responses were determined ( Figure 1B ). At the beginning of each visit a series of familiarization MVCs were performed until torque plateaued. Three MVCs were then performed with MNS applied at peak torque and ~3 seconds post-MVC to determine voluntary activation (VA), potentiated twitch torque (Q tw,pot ), and maximal M-wave amplitude (resting [M max ] and during the MVC [M sup ]). Each MVC was held for 3 seconds with 15 seconds separating each effort. 1 The peak of the three MVCs was taken as peak torque and used to determine the target torque for the remaining submaximal contractions at that time-point. A set of three contractions at 100%, 75%, and 50% MVC were then completed with single
TMS pulses at 130% rMT administered during each contraction for the determination of cortical voluntary activation (cortical VA). 8 Each contraction was separated by ~3-5 seconds, and each set was repeated three times separated by 15 seconds. 7, 10 The TMS intensity elicited a large MEP in the vastus lateralis during a 50% MVC (mean amplitude of 63±26% M sup ) and small MEP in the biceps femoris (mean amplitude of 7±3% of vastus lateralis M sup ), data grouped for both groups and all time-points. We have previously shown the reliability of these procedures for the measurement of neuromuscular fatigue (MVC, Q tw,pot , VA, and cortical VA loss) after high-intensity exhaustive cycling to be moderate to good (ICC=0.62-0.88). 
| Exercise tests
Exercise tests were completed on an electromagnetically braked cycle ergometer (Excalibur Sport, Lode, Netherlands) at a self-selected cadence above 60 rpm. During the first visit, participants adjusted the seat height and handle bar distance to ensure a comfortable position and the cycle setup was recorded to allow replication. Heart rate (HR) was recorded using online telemetry (T31, Polar, Finland), and expired gases were recorded breath-by-breath using an online gas analyser (Metalyzer 3B, Cortex, Germany) for the determination of rate of oxygen uptake (VO 2max ) and respiratory exchange ratio (RER). Blood lactate concentration ([La − ]) was measured from a whole blood fingertip capillary sample (Lactate Pro, Arkray, Japan), and ratings of perceived exertion (RPE) were determined using the Borg Scale (6-20). . Power output at V O 2max was extrapolated from the linear relationship between V O 2max and power output from sub-LT intensities and was used in the calculation of 50%∆.
| Aerobic fitness
| Endurance capacity
High-intensity exercise endurance capacity was examined with a series of TTE trials. All trials were preceded by a 5 minutes self-paced warm-up completed below the LT. The test was terminated if a cadence of 60 rpm could no longer be maintained for 5 seconds or if the participant fell below this cadence three times. Participants were blinded to elapsed time and encouraged to continue as long as possible. The neuromuscular fatigue testing protocol was performed before exercise and repeated as soon as possible post-exhaustion. There was no difference between groups or trials for the time of measurement post-exercise (51±20 seconds for HIIT and 53±20 seconds for CONT, data for all trials grouped) or duration of neuromuscular assessment (163±17 seconds for HIIT and 160±24 seconds for CONT, data for all trials grouped) (P≥.86). Expired gases, HR, RPE, and [La − ] were recorded pre-exercise, after 10 minutes of exercise and during the final minuts of exercise. The trials were completed at 50%∆ in order to target an intensity above maximal lactate steady-state 30 and to induce significant central and peripheral fatigue. 2 Prescription of intensity relative to metabolic thresholds ensures comparable metabolic and perceptual responses between participants. 31 The 50%∆ was recalculated after training so the post-training TTE trials could be completed at both the pre-training 50%∆ (post-abs) and posttraining 50%∆ (post-rel) ( Figure 1A ).
| Training
All training was completed at the Human Performance Laboratory at Oxford Brookes University on a cycle ergometer (Excalibur Sport or Corival, Lode, Netherlands) and was supervised by an investigator not involved in the experimental trials. Both the HIIT and CONT groups completed 18 sessions over 6 weeks (3 wk
) with each session separated by at least 24 hours. During training participants were instructed to maintain normal habitual activity levels. An adapted HIIT protocol was used 32 which involved 6 repeats of 5 minutes cycling at 50%∆, each separated by 1 minutes rest, which was progressed to eight repeats during weeks 4-6. The CONT protocol involved completing the same volume of work (kJ) that would be completed in the HIIT protocol at 90%LT. Training near the LT provides an aerobic stimulus but prevents the non-linear increase in metabolic and perceptual stress seen with supra-LT exercise. 33 Training intensities were prescribed relative to metabolic thresholds in order to minimize inter-individual responses to the training and to elicit disparate metabolic and perceptual demands between groups. 31 During each training session, HR and RPE were measured after every 5 minutes of exercise. Intensity was reassessed every 2 weeks (sessions 7 and 13) and increased if necessary to ensure HR and RPE were consistent throughout training.
| Data analysis
All analyses were completed by a blinded investigator. MVC torque was taken as the peak of three contractions, and Q tw,pot , M max , VA, and cortical VA were taken as the mean of the three measures at each time-point. Superimposed twitch torque in response to MNS and TMS were calculated by subtracting twitch onset torque from peak twitch torque. VA measured with MNS was calculated using the formula: [1−(superimposed twitch torque/Q tw,pot )×100]. For the determination of cortical VA, the resting twitch was estimated (ERT) from the y-intercept of the linear relationship between voluntary and superimposed twitch torque across the contraction intensities of 50%, 75%, and 100% MVC. 5, 6, 8 Regression analysis confirmed the linearity of this relationship (r 2 =0.93±0.05, mean across both groups and all time-points). Cortical VA was calculated using the formula: [1−(superimposed twitch/ERT)×100]. 5, 6, 8 For all MNS and TMS stimulations, peak-to-peak amplitude of the EMG responses was calculated.
| Statistical analysis
Data are mean±SD in the tables and text and mean±SE in the figures. Statistical analyses were completed in SPSS (v.23, SPSS Inc., USA). All data were tested for normality and subsequently investigated with ANOVAs. Where the assumption of sphericity was violated, Greenhouse-Geisser corrections were applied. Where an ANOVA revealed a significant main effect or interaction, post-hoc contrasts and t tests were used to test for differences within and between groups where appropriate. Effect sizes were calculated with partial eta squared (η 2 p ) where an ANOVA design was used (interaction and main effects) and Cohen's D where a t test design was used (within-group pre-to post-training changes or within-trial pre-to post-exercise changes). Significance was accepted as P≤.05. 
| RESULTS
| Training intensity and volume
All training data can be seen in there was excellent adherence with 98% of HIIT sessions completed (three missed) and 99% of CONT sessions completed (two missed). There were no differences in power output, HR, or RPE progression between groups (group×time interactions, all P≥.303). Power output, HR, and RPE were higher during HIIT compared with CONT (main effects of group, all P<.001). Power output was higher during the last session compared with the first session (main effect of time, P<.001); however, HR and RPE were similar between sessions (main effects of time, both P≥.296). Therefore, the training intensity was adequately increased in both groups to ensure a similar training stimulus throughout. Total training volume was not different between groups (P=.809). ) at LT and LTP showed a similar pattern of change. Accordingly, both HIIT and CONT increased the power at 50%∆ to a similar extent (Table 2 ).
| Aerobic fitness
| Endurance capacity
| Post-absolute trial
The coefficient of variation for TTE between the familiarization and pre-training experimental trial was 11.8%. There were no differences between groups for pre-training TTE (P=.282). There was a significant group×trial interaction for TTE (P<.001, η 2 p =0.523). Post-hoc t tests revealed that TTE during the post-abs trial was significantly higher than the pretraining trial after HIIT (148±74%, P<.001, D=2.112) and CONT (38±52%, P=.018, D=0.747) with the group×trial interaction demonstrating the increase was greater after HIIT ( Figure 2 ). Both HIIT and CONT attenuated some of the within-exercise responses during the post-abs trial compared to pre-training; however, there were no differences between groups (Table 3 ).
| Post-relative trial
There was a significant group×trial interaction for TTE (P=.019, η 2 p =0.269). Post-hoc t tests revealed TTE during the post-rel trial was significantly higher than the pre-training trial after HIIT (43±56%, P=.011, D=0.854) but not after CONT (P=.342, D=0.472) with the group×trial interaction demonstrating the increase was greater after HIIT ( Figure 2 ). There were no effects of training on the within-exercise responses for either group (Table 3) . Figure 3 shows an example raw EMG and torque trace for the measurement of MVC torque, peripheral VA, Q tw,pot torque ( Figure 3A ) and cortical VA (Figue 3B) for a participant completing HIIT. ≤0.161). Nevertheless, compared with pre-exercise, MVC, Q tw,pot , VA, and cortical VA were all reduced post-exercise in the pre-training and post-abs trials for both groups (main effects of time, all P<.001, η 2 p ≥0.573) (Figure 4) . There was no effect of HIIT or CONT on the M max or MEP responses to exercise for any contraction strength (Table 4 ).
T A B L E 2
| Neuromuscular fatigue
| Post-absolute trial
| Post-relative trial
When comparing the post-rel trial to the pre-training trial, neither HIIT nor CONT had an effect on the MVC or cortical VA response to exercise (trial×time interactions, both P≥.114, η CONT had no effect on the Q tw,pot or VA reductions following exercise (trial×time interactions, both P≥.150, η 2 p ≤0.216) ( Figure 4B,C) . There was no effect of HIIT or CONT on the M max or MEP responses to exercise for any contraction strength (Table 4) .
| DISCUSSION
The aim of this study was to compare the effect of 6 weeks high-intensity interval training and volume-matched moderate-intensity continuous training on high-intensity exercise endurance capacity and the associated mechanisms of neuromuscular fatigue. The main findings are that despite similar improvements in aerobic fitness (LT, LTP, and V O 2max ), HIIT resulted in markedly greater improvements in endurance capacity (TTE) when completed at the same power output as pre-training (post-abs trial) compared to CONT. Furthermore, when the post-training endurance capacity test was repeated at the same relative intensity as pre-training (post-rel trial) to account for changes in aerobic fitness, only HIIT improved endurance capacity. This increase in post-rel endurance capacity after HIIT was accompanied by a greater level of peripheral fatigue with attenuated central fatigue. By comparing HIIT to volume-matched CONT in a randomized trial, we can isolate mechanisms specific to HIIT that are independent of improvements in aerobic fitness and any behavioral artifacts associated with completing a training intervention. Consequently, this study provides new insight into the mechanisms underpinning the greater enhancement of high-intensity exercise endurance capacity following HIIT and contributes to the understanding on central and peripheral limitations to endurance capacity.
The training intensities in the present study were prescribed relative to metabolic thresholds recorded during an incremental exercise test. The intensity of the HIIT was set at 50%Δ to target an intensity above LTP (no steady-state), whereas the CONT intensity was set at 90%LT and was therefore in the moderate-intensity domain (steady-state). This was to elicit comparable metabolic, perceptual, and neuromuscular fatigue responses within-group and disparate responses between groups. 2, 34 There are, however, a variety of training protocols employed in previous research with the classification of intensity for both HIIT and CONT unclear. Previous suggestions for defining high-intensity include intervals of exercise ≥80%HR max 12 or greater than LTP but below the power achieved during an all-out effort. 34 These criteria are in line with the intensity employed in our study but resulted in submaximal (i.e, below V O 2max ) intervals. Higher training intensities have been employed including repeated bouts of all-out supramaximal efforts (sprint-interval training). 12 Although difficult to match training volume between two training groups when employing low-volume sprint-interval training, it is unclear if our findings translate to supramaximal training intensities and is a potential area for future work.
| Endurance capacity
When tested at the same power output as pre-training (post-abs trial), TTE was enhanced in both training groups; however, the increase was greater following HIIT (147%) compared with CONT (38%) in agreement with previous work. 13, 14 There were no differences between groups for improvements in aerobic fitness (LT, LTP, or V O 2max ), also in agreement with previous work-matched HIIT and CONT training studies. 16, 17 Therefore, changes in aerobic fitness cannot explain the differences in endurance capacity between groups. While the better endurance in the post-abs trial following HIIT could be due to greater improvements in mitochondrial function 13 and in vivo muscle buffer capacity, 16 there is limited understanding regarding how other physiological adaptations compare between HIIT and CONT. 12 When the endurance capacity test was repeated at a power output that was increased to account for the traininginduced increases in aerobic fitness (post-rel trial), only HIIT resulted in improvements in TTE (43% vs −4% following CONT). To better understand the mechanisms by which HIIT increases high-intensity exercise endurance capacity vs CONT, the post-training power output was increased so endurance could be compared at the same relative exercise intensity as pre-training. The %∆ method allows improvements in both LT and V O 2max to be accounted for and 50%∆ was recalculated post-training to elicit a similar physiological strain to pre-training. Both the pre-training and posttraining 50%∆ were above the LTP in all participants, and the similar HR, RER, [La − ], and RPE responses compared
with pre-training demonstrate a similar cardiorespiratory, metabolic and perceptual stress was induced, and therefore, changes in these parameters cannot explain the enhanced post-rel TTE following HIIT. Demarle et al. 35 reported that 8 weeks HIIT failed to improve running TTE at the same relative intensity as pre-training; however, the participants were trained runners. Whether training enhances the ability to tolerate the same physiological strain was therefore contentious 36 and our study provides the first evidence that in an untrained cohort, HIIT increases high-intensity endurance capacity despite no attenuation of the physiological stress or perception of effort induced by the exercise. The comparison with CONT demonstrates these effects are not due to an increase in the aforementioned parameters of aerobic fitness. This supports our hypothesis that training under high physiological strain and perception of effort improves endurance capacity by increasing the ability to tolerate this strain and effort, compared with training at moderate intensities where the physiological disturbance and perception of effort are moderate.
| Neuromuscular fatigue
The endurance capacity trials all induced significant peripheral fatigue, as measured by the Q tw,pot reduction from pre-to post-exercise. The large reduction in Q tw,pot suggests that peripheral fatigue contributed to the majority of the MVC loss. Exercise did not change the M max , in agreement with previous high-intensity locomotor exercise studies, 7, 9 which suggests that a loss of muscle membrane excitability did not contribute to the peripheral fatigue. 37 Potential mechanisms include impaired sarcoplasmic reticulum calcium (Ca
2+
) release and uptake, reduced Ca 2+ sensitivity of the contractile apparatus and reduced maximum Ca 2+ activated force production due to the increase in a number of intramuscular metabolites such as inorganic phosphate.
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In contrast to our hypothesis that HIIT would attenuate peripheral fatigue, the level of peripheral fatigue induced by the post-abs trial was similar to pre-training following both training interventions. This was despite an attenuation of the metabolic stress induced by the exercise as demonstrated by the lower [La − ], RER, and HR recorded at isotime (10 minutes) during the post-abs trials compared to pre-training. Although peripheral fatigue at exhaustion was not different between trials, the volume of work completed during the post-abs trial before achieving this level of peripheral fatigue was far greater than pre-training following HIIT. Exhaustion following constant-load moderate-intensity cycling 2 and heavy-intensity cycling 9 occurs with a lower level of peripheral fatigue than severe-intensity cycling. It is therefore unclear why HIIT failed to reduce the level of peripheral fatigue at exhaustion despite attenuating the metabolic demands of the exercise; however, an increase in peripheral fatigue tolerance 19 may have negated any effect of improved peripheral fatigue resistance. Compared with pre-training, HIIT increased the level of peripheral fatigue following the post-rel trial, while CONT had no effect. Peripheral fatigue is a repeatable measure following cycling to exhaustion at 50%∆, 2 strengthening this finding. Small increases in the resting Q tw,pot following HIIT may have contributed to this result; although the relative reduction in Q tw,pot was increased, it could also be interpreted that exhaustion occurred at the same level of absolute Q tw,pot torque (Table 4) . It is therefore possible that the greater level of peripheral fatigue may be due to a greater muscle reserve above a critical level of absolute Q tw,pot torque, perhaps due to the same motoneuron pool being exhausted. However, small increases in the resting Q tw,pot as a result of training might be expected to also increase the end exercise Q tw,pot (i.e, muscle hypertrophy), and therefore, peripheral fatigue would be equal to pre-training. Indeed, this was exactly what we found following CONT. Furthermore, the small increases in the resting Q tw,pot following training were not different between groups (P=.418) and we are therefore confident that HIIT independently increased the level of peripheral fatigue. Similarly, isolated knee extensor training has shown to increase the level of peripheral fatigue following a low-intensity isometric contraction completed until exhaustion, compared to the corresponding pre-training value. 19 However, the control group performed no training and the exercise mode was isolated contractions where the central feedback mechanisms are likely different to locomotor exercise. 38 Therefore, it was previously unclear whether any behavioral artifacts associated with completing training contributed to their findings and whether the effects were transferable to whole-body locomotor exercise. The data here suggest the increase in peripheral fatigue was training intensity dependent and not due to increases in aerobic fitness. Zghal et al. 19 suggested that endurance training increases the CNS resistance to the inhibitory actions of group III/IV muscle afferents either through an increase in the sensory threshold of the afferents or via supraspinal adaptations which increases peripheral fatigue tolerance. Peripheral fatigue has been proposed to play an important role in exhaustion through group III/IV afferent inhibition of central motor drive. 23, 24 Some evidence exists for a role of group III/IV afferent firing in the development of central fatigue using post-exercise ischemia to maintain group III/IV afferent firing following a 2 minutes sustained MVC 25 or pharmacological blockade of the central projection of group III/IV muscle afferents following exhaustive high-intensity cycling. 26, 27 However, a greater recovery of maximal sprint power after incremental cycling to exhaustion with 60 seconds compared to 10 seconds post-exercise occlusion suggests group III/IV afferent stimulation has little impact on human endurance performance. 21 While we cannot confirm the group III/IV muscle afferent hypothesis as a mechanisms, the data here show that training under high compared with moderate levels of peripheral fatigue 2 increases peripheral fatigue which may contribute to increased postrel endurance capacity. Indeed, a number of mechanisms are plausible including peripheral fatigue being less sensed or alterations in central processes independent of any peripheral adaptation, the latter which is partly supported by the central fatigue data. Central and supraspinal fatigue was induced by all trials as measured by reductions in VA and cortical VA, respectively. Similar to peripheral fatigue, central or supraspinal fatigue were not different after the post-abs trials compared to pre-training. While there was also no effect of CONT on central or supraspinal fatigue following the post-rel trial, HIIT attenuated central fatigue. There were also moderate effect sizes for HIIT attenuating supraspinal fatigue after the postrel trial (D=0.53), with a large effect size for a difference between groups (η p 2 =0.17), and the lack of a significant effect (P=.089) is therefore likely due to the small sample size. The contributions of central and peripheral mechanisms to fatigue are exercise duration dependent with longer duration exercise resulting in a greater central fatigue component. 9, 10 We however report less central fatigue following the post-rel trial after HIIT compared to pre-training, despite an increase in exercise duration. Therefore, the attenuation of central fatigue is a training adaptation and not due to differences in exercise duration. In contrast, Zghal et al. 19 reported that low force knee extensor training had no effect on the degree of central and supraspinal fatigue at exhaustion following the low force isometric endurance test, although a trend for more central fatigue post-training was noted. Differences between studies are likely due to differences in the mode of exercise. Consequently, this is the first study to demonstrate that HIIT develops central fatigue resistance during high-intensity exhaustive whole-body locomotor exercise. A number of CNS adaptations could contribute to central fatigue resistance such as improved handling of serotonin, 39 attenuated cerebral ammonia uptake, 40 improved cerebral oxygenation 41 and enhanced spinal reflex excitability. 42 Zghal et al. 19 recently hypothesized that training increases resistance to the central inhibitory effects of group III/IV afferent firing. As previously discussed, although group III/IV muscle afferents may play a role in the development on central fatigue, 24 their effect on human performance is unclear. 21 As CONT did not develop central fatigue resistance, it is therefore possible that HIIT may develop a resistance to the inhibitory group III/IV afferent feedback or result in these afferents being less stimulated in response to the same exercise challenge, allowing greater performance to be extruded from the muscle. While the increase peripheral fatigue supports this, the underlying mechanism cannot be confirmed from the methodology employed here and there is currently a lack of evidence to support this hypothesis.
| Limitations
The results from this study should be considered alongside the following limitations. Firstly, measurements of fatigue
were made post-exercise and may not translate to mechanisms during exercise. This is a general limitation with locomotor exercise and fatigue studies and the measurement protocol was identical between pre-and post-training trials as well as between training groups. We can therefore be confident that differences between pre-and post-training as well as between groups were due to a training effect. This is further supported by previous demonstration of the repeatability of these measures after exhaustive exercise and sensitivity in detecting differences between exercise intensities. 2 Our sample size may have also been insufficient to detect some subtle differences between training groups such as changes in the level of supraspinal fatigue. Finally, we included both men and women in this study and a number of sex differences in the neuromuscular responses to exercise have been demonstrated. 43 While the training groups were matched for numbers of men and women, and therefore, any effect of sex differences in fatigability are well controlled for between groups, it is unclear whether men and women responded differently to each training intervention, which is an area warranting further investigation.
| PERSPECTIVES
The findings from this study demonstrate that HIIT attenuates central fatigue and increases peripheral fatigue following exhaustive high-intensity exercise. This suggests that the development of central fatigue resistance allows greater performance to be extruded from the muscle in order to continue exercise. Group III/IV afferents have been proposed as an important contributor to fatigue and exhaustion, and HIIT may increase resistance to the inhibitory effects of these afferents or result in these afferents being less stimulated; however, this is yet to be confirmed. Additionally, HIIT may also increase the ability to tolerate the physiological disturbance, high levels of effort, or muscle pain experienced during high-intensity exercise. These observations help to provide mechanistic insight into the mechanisms that limit endurance capacity and the fatigue adaptations induced by endurance training.
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